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LicT is a bacterial regulatory protein able to prevent
the premature arrest of transcription. When acti-
vated, LicT binds to a 29 base RNA hairpin over-
lapping a terminator located in the 5¢ mRNA leader
region of the target genes. We have determined the
solution structure of the LicT RNA-binding domain
(CAT) in complex with its ribonucleic antiterminator
(RAT) target by NMR spectroscopy (PDB 1L1C).
CAT is a b-stranded homodimer that undergoes no
important conformational changes upon complex
formation. It interacts, through mostly hydrophobic
and stacking interactions, with the distorted minor
groove of the hairpin stem that is interrupted by two
asymmetric internal loops. Although different in
sequence, these loops share suf®cient structural ana-
logy to be recognized similarly by symmetry-related
elements of the protein dimer, leading to a quasi-
symmetric structure reminiscent of that observed with
dimeric transcription regulators bound to palindromic
DNA. Sequence analysis suggests that this RNA-
binding mode, where the RAT strands are clamped by
the CAT dimer, is conserved in homologous systems.
Keywords: antitermination complex/NMR/RNA binding/
structure/transcriptional antiterminator

Introduction

The transcriptional antiterminator LicT from Bacillus
subtilis belongs to a family of proteins that regulate gene
expression by preventing premature transcription termin-
ation upstream of the genes they control. This family of
antiterminator (AT) proteins contains >50 members,
which have been shown or suggested to be involved in
carbohydrate metabolism control in Gram-positive and
Gram-negative bacteria. The prototypes of this AT family
are B.subtilis SacY (Aymerich and Steinmetz, 1987) and
Escherichia coli BglG (Mahadevan and Wright, 1987),
which control the expression of the sacB gene and of the
cryptic bgl operon, respectively (Figure 1). LicT, which is
studied here, mediates the induction of the B.subtilis licS
gene and the bglPH operon involved in the utilization of
aryl-b-glucosides and b-glucanes (Kruger and Hecker,
1995; Schnetz et al., 1996).

Intrinsic transcription terminators contain two sequence
motifs required for RNA release from the transcription
machinery: a stable stem±loop hairpin immediately fol-
lowed by a U-rich segment where abortive transcription
complexes are disassembled (Gusarov and Nudler, 1999;
Yarnell and Roberts, 1999). Besides these two features,
conditional terminators targeted by the protein of the LicT/
SacY family are preceded by a short RNA sequence
(called RAT for ribonucleic antiterminator) overlapping
by six nucleotides the terminator sequence. In the presence
of their speci®c inducing sugar, the AT proteins are
activated and bind to their cognate RAT sequence on
nascent mRNAs. By inhibiting the complete formation of
the large RNA stem±loop terminator structure, they enable
the polymerase to proceed through a region where
transcription is otherwise interrupted (Houman et al.,
1990; Aymerich and Steinmetz, 1992; Arnaud et al.,
1996).

The RAT target sequences of the AT proteins (Figure 1)
are usually 30 nucleotides long and are proposed to adopt a
hairpin structure with a variable apical loop and two
asymmetric internal loops interrupting a central stem.
Mutational analysis on different RATs has shown that base
pairings in the stem are required for the antitermination
function and that the non-conserved nucleotides within the
internal loops are involved in the control of the speci®city
of the AT±RAT interaction. In contrast, RAT recognition
by the AT appears largely independent of the length and
nucleotide sequence of the apical loop (Aymerich and
Steinmetz, 1992).

AT proteins from the LicT/SacY family have a modular
structure. RNA recognition is embedded in the 55 amino
acid N-terminal fragment. This domain, which was called
CAT for co-antiterminator, presents constitutive anti-
termination activity in vivo as well as ef®cient and speci®c
RNA binding activity in vitro (Manival et al., 1997;
Declerck et al., 1999; Langbein et al., 1999). In the full-
length protein, the activity of CAT is modulated by two
homologous regulatory domains, called PRD1 and PRD2,
which are phosphorylated reversibly on conserved histi-
dines in response to the availability of carbon sources. It is
believed that the phosphorylation state of the PRDs
in¯uences the tertiary and quaternary structure of the
protein and thereby determines the ability of CAT to
interact with its RAT target (van Tilbeurgh and Declerck,
2001).

The structure of the CAT domain from SacY and LicT
has been solved previously by NMR and/or crystallo-
graphy (Manival et al., 1997; van Tilbeurgh et al., 1997;
Declerck et al., 1999). In solution as well as in crystals,
CAT folds as a b-stranded symmetric dimer that shares no
structural homology with other known RNA-binding
motifs. Preliminary NMR footprint experiments have
demonstrated that the protein surface interacting with

Solution structure of the LicT±RNA antitermination
complex: CAT clamping RAT
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RNA is located on one side of the dimer and that both
monomers are involved in RNA recognition (Manival
et al., 1997). A puzzling question is thus how a symmetric
dimer can recognize an obviously non-symmetric RNA
motif. Will both monomers participate to the same extent
in RNA recognition and, if so, how do identical residues in
the dimer interact with distinct sites on the RNA? What is
the structural basis of speci®city of CAT±RAT recognition
and how can the binding of CAT to the RAT target
promote antitermination?

In order to address these questions, we have solved the
NMR solution structure of the LicT RNA-binding domain
complexed with its target RNA. Both the protein and
nucleic partners remained practically unchanged upon
complex formation. Strikingly, the complex conserves an
apparent symmetry, each monomer recognizing in a very
similar way a different asymmetric internal loop of the
RNA. This is made possible by the very close conform-
ation adopted by the loops despite their different sequence.
Comparison of an extensive set of CAT±RAT sequences

Fig. 1. (A) Amino acid sequence and comparison of the RNA-binding domain (CAT) of LicT and 13 representative members of the LicT/SacY family
of transcriptional ATs from Bacillus subtilis, Bacillus stearothermophilus, Listeria monocytogenes, Clostridium longisporum, Clostridium aceto-
butylicum, Staphylococcus carnosus, Streptococcus agalactiae, Lactococcus lactis, Lactobacillus casei, Escherichia coli and Erwinia chrysanthemi
(DDBJ/EMBL/GenBank; P.Glaser, personal communication). The residues forming the four b-strands are indicated by thick lines on top of the align-
ment. Residues underlined are involved in base-speci®c contacts with the RAT targets; residues in bold are conserved >90% in the 52 examined CAT
sequences. (B) Secondary structure of the RAT targets that have been shown or suggested to interact with the CAT domain of the above ATs. Highly
conserved nucleotides in the 45 examined RAT sequences are shown in bold. The line drawn on the right side of each hairpin indicates the nucleotides
shared with the terminator sequence. The fold proposed for the ptsG-RAT target of the B.subtilis and S.carnosus GlcT ATs is discussed in the text.
(C) The sequence and numbering scheme of the RNA oligonucleotide used in the present study.

Y.Yang et al.

1988



suggests that this novel RNA-binding mode is very well
conserved within the LicT/SacY family of ATs.

Results

Structure of the free and complexed protein
The af®nity and speci®city of several CAT±RAT com-
plexes have been determined by gel shift assays and
surface plasmon resonance measurements (Declerck et al.,
1999; our unpublished results). Within the set of proteins
and RNAs tested, the CAT domain from LicT presents the
highest af®nity for its RNA target (Kd near 10 nM
compared with 3 mM for SacY) and forms a complex of
longer lifetime. Indeed, whereas the NMR spectra of the
SacY-CAT±RAT complex exhibit broad resonances,
indicative of the formation of a short-lived complex on
the NMR time scale (i.e. in the millisecond range), the
spectra obtained for the LicT-CAT±RAT complex exhibit
sharp lines, consistent with the formation of a long-lived
(i.e. >10 ms), stable complex. A high-resolution structural
NMR study was therefore undertaken on the more stable
LicT-CAT±RAT complex.

The solution structure of the 56 amino acid fragment
corresponding to the LicT RNA-binding domain was ®rst
solved using classical NMR techniques. The structure is
very similar to that determined previously for LicT-CAT
by crystallography (Declerck et al., 1999) and for
SacY-CAT by NMR (Manival et al., 1997). CAT folds
as a symmetric homodimer, each monomer being com-
posed of a four-stranded antiparallel b-sheet. In the dimer,
the b-sheets of the two monomers face each other to form
an eight-stranded b-barrel covered on both sides by a long
loop joining strand 3 to strand 4 of each monomer. The
dimer is maintained by hydrophobic packing of the
residues at the interface, including the well-conserved
Phe48, by the antiparallel interaction between the last
b-strand of each monomer, and by a possible salt bridge
between the well-conserved Glu21 in one monomer and
Lys46 in the other monomer, as previously observed in the
LicT-CAT crystal structure.

The solution structure of the liganded protein was
solved next using two- and three-dimensional homo- and
heteronuclear NMR spectroscopy. As previously observed
for SacY, the global architecture of the CAT dimer is
maintained upon interaction with RNA. In the absence of
RNA, due to the symmetry of the dimer, only 56 amino
acid spin systems are observed in the NMR spectra of
LicT-CAT. In contrast, in the presence of RNA, when the
complex forms, the symmetry of the dimer is broken
and most of the amino acid spin systems split into two
components. The amino acids of each monomer are no
longer equivalent and therefore give rise to two different
sets of resonances (Figure 2). Paradoxically, this increased
complexity of the spectra facilitated the NMR structure
determination of the protein, since it was then possible to
discriminate inter- from intramonomer nuclear Overhauser
effects (NOEs).

Very few differences are observed between the three-
dimensional structures of the ligand-free and complexed
monomers, except for the tips of the two long loops joining
b3 and b4, which move slightly towards the protein core in
the complex. There is also a slight modi®cation in the
relative orientation of the two monomers, the b1±b2 turns

at the edge of the dimer interface being 2 AÊ closer to each
other in the complex than in the free protein.

Structure of the RNA
The non-exchangeable and exchangeable proton NOESY
spectra of the free RNA con®rmed the secondary structure
of the molecule proposed after sequence and genetic
analyses (Aymerich and Steinmetz, 1992). For the present
structural study, the nucleotides corresponding to the
apical loop of the bglP-RAT hairpin (G14±A17), which
are not involved in the interaction (Aymerich and
Steinmetz, 1992), have been substituted for nucleotides
forming a hyperstable UACG tetraloop. The low reso-
lution structure of the free RNA, obtained at low
temperature (i.e. 7°C), con®rmed the formation of this
UACG apical tetraloop and of a regular stem with
canonical base pairings interrupted by asymmetric loop 1
(A3, A26 and A27) and loop 2 (U7, U8, A9 and G22)
(Figure 1C). Stacking of all three adenines in loop 1 of the
free RNA was inferred from the couple of NOEs observed
between the H2 aromatic protons of A26 and A3, A27 and
A3, and A26 and A27. In asymmetric loop 2, formation of
an U7±A9±G22 triplet with a GU wobble pair and a
sheared AG pair was inferred from the presence of a
couple of strong NOEs between the G22-imino and U7-
imino protons and between G22-amino and A9-H8
protons.

In the presence of the protein, the signature of most of
these secondary structure elements remains present in the
spectra. The resonances of the imino protons involved in
base pairing in the vicinity of the protein contact region are
much sharper than in the free RNA, especially at high
temperature (Figure 2). This indicates a slower exchange
rate of these protons with water protons and might be due
to either a higher stability of the base pairs or to a
decreased accessibility of the water to the imino protons in
the complex. However, since the major groove of the RNA
is fully accessible to solvent, even when the complex is
formed, we believe that the increased stability of the base
pairs is mainly responsible for the reduced imino proton
exchange observed. This would be in agreement with UV
melting experiments performed on the SacY±RAT system,
indicating that complex formation stabilizes the RNA
hairpin (Manival et al., 1997).

The high-resolution solution structure of the complex
(Figure 3) was obtained in a new stage of restrained
molecular dynamic calculations (see Materials and
methods). The nature of the constraints used during the
®nal stage of modelling and the statistics concerning the
structures used for structural analysis are summarized in
Table I.

The most striking differences between the bound and
free RNA concern loop 1, which is now formed of an
A3±A27 sheared pair neighbouring the A26 nucleotide
expelled from the helix core. In contrast, the conformation
of loop 2, with a U7±G22±A9 base triplet and the bulged-
out nucleotide U8, is not modi®ed but just stabilized in the
complex.

CAT±RAT recognition
LicT-CAT interacts with the minor groove of the double-
stranded portion of the RNA containing the two asym-
metric internal loops and the stem in between the two
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Fig. 2. (A) Superimposition of the 15N-HSQC spectra of the amide region of the free (light green cross-peaks) and complexed (black cross-peaks)
protein recorded at 28°C. In the presence of RNA (unlabelled in this experiment), the symmetry of the protein dimer is broken and most of the amide
cross-peaks are split into two components. The names of the corresponding amino acids are in red and blue, depending on the monomer to which they
belong. Cross-peaks not affected by the loss of symmetry (unsplit) are labelled in black. (B) 15N-HMQC spectra of the imino proton region of the
RNA alone (top) and in the presence of stoichiometric amounts of unlabelled protein (bottom). The spectra are recorded at different temperatures (7°C
for free RNA and 28°C for the complex). Exchange broadening of imino protons cross-peaks is, however, weaker in the complex than in the free
RNA (the cross-peaks of U7, G22, U4, U5 and G6 are much broader or even absent from the free RNA spectrum but present in the spectrum of the
complex recorded at 21°C above). This is indicative of a stabilization of the base pairs in the complex (see text). (C) Sequential attributions of the
protein peaks within each monomer (coloured in blue and red, as in A), using the 3D-NOESY-HSQC experiment recorded with a 15N-labelled protein
and an unlabelled RNA. Sequential protein cross-peaks (amide to HA and HB protons) are boxed in red and blue (intraresidue NOEs), and in green
(sequential NOEs); intramolecular (protein±RNA) cross-peaks are circled in pink.
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loops (Figures 3 and 4). As expected, the highly variable
apical loop is not recognized by CAT. The amino acids
involved in the interaction lie in strand b1 (Lys5, Val6 and
Ile7), in the short b1±b2 turn (Asn8±10) and in the
beginning of the long loop joining b3 to b4 (Gly26, Arg27
and Phe31). These residues are all located on one side of
the dimer, opposite the C-terminal end of the CAT peptidic
fragment. Both monomers are required for the interaction.

Each RNA strand interacts with amino acid residues 5, 6
or 7, and 9 in one monomer and residues 8, 10, 26, 27 and
31 in the other monomer (Figures 3 and 4). In the dimer,

most of these residues are used in a symmetrical manner to
recognize similar structural features of the RNA internal
loops and of the adjacent nucleotides. This is the case, for
instance, for the strictly conserved aromatic side chain of
Phe31, which makes an identical stacking interaction with
either A9 in loop 1 or A27, the equivalent residue in loop 2
(Figure 3). In both cases, the aromatic ring is co-planar
with the Watson±Crick base pairs, U4±A25 and G6±C23,
neighbouring the loops. Both of these base pairs make
hydrogen bond interactions with one or the other Asn9
functional group (Figures 3 and 4). The bulged-out bases

Fig. 3. (A) Ensemble of NMR structures of the LicT-CAT±RAT complex showing the protein backbone (in red) with some of the interacting amino
acid side chains (in yellow), and the RNA helix (phosphodiester backbone in purple and nucleotides in standard atom colours). (B) MOLSCRIPT
(Kraulis, 1991) representation of the LicT-CAT dimer interacting with its RAT hairpin target. The two CAT monomers, each composed of a four-
stranded antiparallel b-sheet, are coloured in red and blue. Some important side chains interacting with the RNA are shown in ball-and-stick represen-
tation. The RNA phosphodiester backbone is shown in purple and the nucleotides are in standard atom colours. (C and D) Stereo views showing the
pseudo-symmetric recognition of the RNA asymmetric internal loop 1 and loop 2, respectively, by each CAT monomer. The nucleotides forming loop
1 (the A3±A27 sheared pair and the bulged-out A26) and loop 2 (the U7±A9±G22 triplet and the bulged-out U8) are shown in ball-and-sticks as well
as the neighbouring canonical base pairs (U4±A25 in loop 1, G6±C23 in loop 2). Relevant hydrogen bonds between protein and RNA residues are
indicated as dotted lines.
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of the internal loops (U8 or A26) are docked in symmetry-
related cavities on each side of the dimer interface
(Figure 5).

The symmetry is not complete, however: in loop 1, the
2¢ hydroxyl groups of A25 and A26 form hydrogen bonds
with, respectively, ND2 and OD1 of Asn10 from one
protein unit (Figure 3). This interaction, by pinching the
phosphodiester backbone of the RNA, might stabilize the
bulged-out conformation of the purine A26 that, contrary
to equivalent nucleotide U8, is stacked inside the helix in
the free RNA. In contrast, the functional group of Asn10 in
the other protein unit is not involved in any particular
interaction with loop 2. The hydrogen bonds formed by the
side chain of Asn8 of monomer B with both the N3 and
amino atoms of G6 and with the backbone carbonyl of Ile7
of monomer A are a good illustration of the interdepend-
ence between dimer interface geometry and RNA recog-
nition. Hydrogen bonding from the protein backbone is
observed for the carboxyl oxygen of Val6 in one monomer
and Ile7 in the other monomer, which are interacting with
the 2¢ hydroxyl groups of G6 and A24, respectively.

Finally, electrostatic and/or hydrogen bond interactions
between the phosphodiester backbone of the RNA and the
positively charged side chain of some amino acid residues
might complete the recognition mode of the complex. Due
to the lack of easily observable protons close to the
phosphate oxygen, these bonds cannot be inferred con-
®dently from the observed NOEs. Nevertheless, it can be
assumed from the re®ned model that contacts between
Lys5-NZ and the phosphate group of U8 or A26, and
between the guanidino group of Arg27 and the phosphate
group of C28 or C10, might stabilize the complex further.

Discussion

Implications for RNA recognition by the ATs of the
LicT/SacY family
The RNA targets as well as the CAT domains of the
transcriptional ATs from the LicT/SacY family share a
high level of sequence similarity (Figure 1). Most
nucleotides interacting with the protein are conserved
among the already identi®ed RAT sequences. Conversely,
most amino acids directly involved in RNA recognition
are strictly or quasi-strictly conserved (Figure 5C). These
observations strongly suggest that a very high level of
structural homology might exist between the different
complexes formed by the RNA-binding domain of the
proteins of the LicT/SacY family and their speci®c RAT
targets.

The amino acid residues that are involved in base-
speci®c contacts (Asn8, Asn9, Asn10, Gly26 and Phe31)
are all highly conserved within the family. Those residues
that interact with the nucleic acid phosphodiester back-
bone (Lys5, Val6, Ile7 and Arg27) are less conserved. An
extensive mutational analysis performed on SacY has
con®rmed the crucial role of the conserved residues at
positions 5, 8, 9, 10, 26 and 31 for ef®cient antitermination
activity in vivo and RNA binding in vitro (N.Declerck,
Y.Yang, M.Kochoyan and S.Aymerich, unpublished
results). There are only a few conserved residues on the
protein surface that are not directly involved in RNA
recognition (Figure 5C). This is the case for the highly
conserved Glu21 and Lys33, and for the less conserved
Lys34, Glu45 and Lys46. Mutagenesis studies on SacY-
CAT have shown that the charged side chain of these
residues is indeed not essential for RNA binding. These
residues might therefore be involved in other intra- or
intermolecular interactions which are necessary for the
antitermination function of the full-length protein under
physiological conditions.

Based on sequence comparison and the present struc-
tural data, it can be concluded that all the RAT targets will
fold into a hairpin structure with a regular double-stranded
stem interrupted by two asymmetric internal loops. The

Table I. Characterization of the 20 NMR structures of the LicT±RNA
complex retained for structural analysis

Distance and dihedral angle
constraints

Number Maximum
violation (No.)

NOE-derived upper distance limits 1867 0.21 AÊ

(3 6 1 >0.1 AÊ )
RNA±RNA

(nucleotides 1±11, 20±29)
262

Protein (residues 1±51) 1485
Intramonomer A 709
Intramonomer B 707
Intermonomer 69

Protein±RNA 120
Hydrogen bonds initial

(®nal modelling)
RNA (nucleotides 1±11, 20±29) 19 (21 ®nal)
Protein±RNA 0 (1 ®nal)

Dihedral 45 2.3°
(1 6 1 >2°)

RNA 32
Protein 13

R.m.s.d. from ideal geometry
Bonds 0.006 6 0.001 AÊ

Angles 0.8 6 0.1°
Impropers 0.4 6 0.05°

R.m.s.d. between pairs of structures
RNA (nucleotides 1±11, 20±29) 0.6 AÊ

Protein 1.1 AÊ

Fig. 4. Scheme of protein±RNA interactions. The colour codes for the
amino acids (blue and red) correspond to that used for the monomers in
Figures 2 and 3. Plain red lines indicate hydrogen bonds involving an
amino acid side chain atom, broken red lines indicate hydrogen bonds
involving a protein backbone atom, green lines indicate van der Waals
interactions and purple lines indicate possible interactions (see text)
with the RNA phosphodiester backbone.
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highly variable apical loop is not expected to be
recognized by any CAT domain. The RNA stem region
between the apical loop and asymmetric loop 2 contains
highly conserved base pairs (C10±G21, U11±A20 and
G12±C19) that are not involved in direct interaction with
any amino acid residues but might contribute to the
formation and stability of the RAT hairpin (Figure 1).
Similarly, the basal portion of the RNA helix contains at
least two conserved base pairs (G1±C29 and G2±C28) that
are not interacting with CAT. The only base-speci®c
interactions involving canonical base pairs are in the 3 bp
stem joining the asymmetric internal loops (Figure 4).
Nevertheless, except for G6, conservation of the pyrimi-
dine and purine positions (independently of the nature of
the base) should be suf®cient to allow proper recognition

by the ATs. The high conservation of these base pairs, as
well as of the GC pairs in the basal stem, might be due to
the fact that any mutation at these positions requires two
compensatory mutations (one in the complementary strand
of the RAT stem and another in the downstream sequence
of the terminator) to preserve the functionality of the
system. Sequence requirements within and at the 3¢ end of
the terminator sequence (in order to avoid the formation of
alternative structures between the terminator and the RAT
or to favour interactions of the terminator hairpin with the
transcription machinery) might also impose the conserva-
tion of some nucleotides of RAT.

The two internal loops of the RNA hairpin constitute the
major structural elements involved in CAT±RAT recog-
nition. The architecture of these loops in the complex

Fig. 5. GRASP (Nicholls et al., 1991) representations of the protein±RNA complex showing the symmetric role of the CAT monomers and the cavity
on each side of the dimer receiving the bulged-out base in the RNA internal loop 1 (left side views) and loop 2 (right side views). In each case, the
left and right side views showing the protein surface and the RNA backbone are rotated by ~180° with respect to each other. (A) The protein mono-
mers are coloured in red and blue as in Figure 3. Amino acid residues are labelled in black. The bulged-out bases are labelled in white. (B) The
electrostatic surface potential as calculated for the free CAT dimer using GRASP. The amino acids lying in the minor groove of the RNA helix are
essentially neutral. They are surrounded by two spines of basic residues, interacting with the phosphodiester backbone. (C) Conserved amino acids and
nucleotides coloured as a function of their level of conservation among the LicT/SacY family. Strictly conserved amino acids within the AT family
are coloured in dark blue, conserved residues in blue and others in green. Similarly, the nucleotides are coloured in red, orange, yellow and green as
their level of conservation within the RAT sequences decreases.
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(Figure 3) might be conserved throughout the entire
family. In loop 2, the conserved pyrimidine at position 7
(U7 in the LicT RAT targets) allows formation of a
Y7±G22±A9 base triplet, with a sheared AG pair and a
wobble or Watson±Crick UG or CG pair (Leontis and
Westhof, 1998), which is expected to be common to all
RATs. The displaced nucleotide A9 acts as a stacking
platform for the conserved aromatic side chain of Phe31
from one protein monomer. Loop 1 is characterized by an
A3±A27 (or an isomorphous GA) sheared pair that allows
nucleotide A27 to be displaced toward the minor groove,
providing a stacking platform for Phe31 from the other
monomer. One of the few exceptions to the formation
of this sheared pair in homologous systems is in the
sacB-RAT targeted by SacY in which A3 is replaced by a
uridine. Formation of a U3±A27 Watson±Crick base pair
is expected to be detrimental to the positioning of A27
towards the shallow groove and therefore to the stacking of
Phe31 (Phe30 in SacY). This might partly explain why the
SacY-CAT±sacB-RAT antitermination complex exhibits
poor stability (Declerck et al., 1999). Another noticeable
exception concerns the ptsG-RAT target of the GlcT AT.
This RNA can be folded like the other members of the
family with an apical loop, a canonical loop 2, containing a
U±G±A base triple and a bulged-out U, but not with a
canonical loop 1 (Figure 1). Strikingly, however, the basal
portion of the stem can form a second U±G±A triplet with
a bulged-out C, i.e. a structure identical to that of loop 2.
ptsG-RAT could thus adopt a symmetrical structure at the
protein recognition site. In contrast to what is observed for
the other RATs, the stem between the two recognition
loops would contain only two base pairs instead of three.
Preliminary modelling indicates that a slight increase in
the rise per base pair along the stem, a kink of the RNA
helix or a slight rearrangement of the monomers within the
dimer probably could compensate for the shortening of the
RNA stem. The complex formed by GlcT-CAT±ptsG-
RAT would then be completely symmetrical.

In both internal loops of the RNA, the base preceding
the displaced adenine is looped out in the LicT-CAT±RAT
complex. These bases might adopt the same extruded
conformation in all the complexes. Since they are the main
variable nucleotides of the two recognition regions, they
are likely to be responsible for most of the recognition
speci®city of the ATs for their cognate RNA. Indeed, a
genetic analysis of the RAT motifs has demonstrated that
the nucleotides at positions 8 and 26 are speci®city
determinants of the RAT±AT interaction (Aymerich and
Steinmetz, 1992; N.Declerck, unpublished results).
However, since recognition of these bases by the LicT
RNA-binding domain is provided mainly by the stacking
interactions of two highly conserved amino acid residues
(Asn10 and Gly26), no clear understanding of the
structural elements involved in speci®city has yet been
reached. The cavity on each side of the CAT dimer
(Figure 5), where the bulged-out bases are docked, may
vary in shape and surface properties depending on the
nature of the amino acid found in the surroundings, in
particular at the less conserved positions 5, 27 and 45. On
the RNA side, the nature of the bulged-out bases may
in¯uence the ®ne structure of the internal loops and/or of
the phosphodiester backbone. The stacking and electro-
static interactions that maintain the complex (Figures 4

and 5) may thereby vary in strength and modulate the
af®nity of the proteins for their RNA target. Finally, the
free energy cost of the in/out switch undergone by the
nucleotide at position 26 could vary depending on the loop
sequence and could also play a role in the speci®city of
recognition. Mutational and structural studies are currently
under way in order to gain further insights into how
speci®c recognition is achieved within the CAT±RAT
family of antitermination complexes.

LicT is a protein clamp stabilizing an RNA hairpin
The LicT±RNA antitermination complex con®rms the
original mechanism of RNA recognition by the ATs of the
BglG/SacY family. The CAT domain is not structurally
related to any other known RNA-binding motif, and its
interaction mode with RNA is radically different from that
of other protein domains, including those interacting with
RNA hairpins or double-stranded RNAs. The detailed
RNA-binding features of a reasonable number of RNA-
binding proteins are known and it appears that most of
them recognize RNA as a monomer (Nagai and Mattaj,
1994; Cusack, 1999; Draper, 1999; Perez-Canadillas and
Varani, 2001). The few oligomeric RNA- binding motifs
characterized to date recognize single-stranded repeated
sequences, each monomer interacting with a single repeat,
as observed for the trp RNA-binding attenuation protein
(TRAP) (Antson et al., 1999) or the transcription attenu-
ation factor Rho (Bogden et al., 1999). The MS2 coat
protein is the only exception. As for LicT, the RNA-
binding domain is a homodimer and the amino acids that
participate in RNA recognition are essentially the same for
both monomers. However, contrary to what we observe
here, there is little structural similarity in the manner in
which both monomers recognize two distinct RNA sites
(Valegard et al., 1994; Peabody and Chakerian, 1999).

Dimeric binding motifs are, by contrast, very common
in DNA-binding proteins. Both monomers recognize
identical or nearly identical sequences on the double-
stranded DNA molecule that are either in the same
orientation or in inverted orientation, such as, for example
palindromic sequences. As expected, each monomer
recognizes its DNA target in a very similar manner. In
this sense, LicT provides the ®rst example of a dimeric
RNA-binding motif that recognizes a double-stranded
RNA in a mode that is highly reminiscent of the
recognition of palindromic DNA sequences by prokaryotic
repressors or transcription factors. However, whereas
DNA-binding proteins recognize Watson±Crick base
pairs in double-stranded inverted repeats that are either
symmetric or quasi-symmetric, LicT, like most RNA-
binding proteins (Draper, 1999; Hermann and Patel, 2000;
Westhof and Fritsch, 2000), recognizes the non-canonical
structures formed by asymmetric internal loops. In RAT,
the two internal loops are different in sequence but
structurally related. The conformational similarities of
these loops solve the problem of understanding how a
symmetric dimer can recognize an asymmetric RNA
hairpin. The loops constitute equivalent targets for the
CAT dimer and can therefore interact in a similar way with
the two monomers. As seen in the LicT-CAT±RAT
complex structure, most of the interactions between the
nucleotides of one loop and the amino acid residues of one
monomer have their symmetrical counterparts in the other
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loop and the other monomer. Even the non-conserved
bases U8 and A26 are in fact recognized by the same
conserved residues of each monomer (Figures 4 and 5).

For most RNA groove-binding proteins characterized to
date (Conn et al., 1999; Stoldt et al., 1999; Wimberly et al.,
1999; Agalarov et al., 2000; Batey et al., 2000; Nikulin
et al., 2000; Ramos et al., 2000; Worbs et al., 2001), there
are no major conformational rearrangements of the inter-
acting partners upon complex formation. Recognition
often accompanied by stabilization of a pre-existing RNA
structure by an already folded protein domain is governed
mostly by the structural complementarity of the free
molecules. The LicT±RNA complex appears to follow this
rule: the structure of the LicT dimer and most of the RNA
hairpin remains practically unchanged in the bound form.
A26 in loop 1, which is bulged out in the complex, is
stacked inside the loop in the free RNA. A similar ¯ip-out
mechanism of adenine bases is observed when the IF1
protein binds to the 30S ribosomal subunit (Carter et al.,
2001). However, as indicated by the broad line width of
the exchangeable protons (Figure 2), most base pairs of the
free RNA are highly unstable. A minor fraction of the
population of the free RNA may thus adopt the conform-
ation observed in the bound state, with both U8 and A26
already bulged out. In this situation, RNA±protein recog-
nition may proceed through a conformational capture
mechanism (Bouvet et al., 2001; Leulliot and Varani,
2001) in which a minor populated RAT conformer is
selected by the CAT dimer.

Stabilization of the antitermination complex is
achieved primarily through stacking and hydrophobic
interactions. The shielding from the solvent of a total
of four bases (U8, A9, A26 and A27), which are
expelled from the core of the RNA helix in the bound
state, and of two highly hydrophobic side chains
(Phe31 of each monomer), which are exposed to the
solvent in the free protein, might be the energetic
factors contributing the most to the binding process.
As shown in Figure 5D, most of the protein residues
inserted within the minor groove and in contact with
the bases are neutral. They are surrounded by two
spines of basic residues probably involved in electro-
static interactions with the phosphodiester backbone
and which may also contribute signi®cantly to the
stability of the complex. Due to the pseudo-symmetry
of the complex formed between the CAT dimer and its
RAT target, both monomers make an equivalent
number of interactions with the two strands of the
RNA stem. The protein dimer can therefore be viewed
as an RNA clamp that prevents dissociation of the
RNA stem and establishes a coupling between the
RNA strand±strand interactions and the monomer±-
monomer interactions in the CAT domain. Besides its
possible relevance regarding the control of the AT
activities within the entire protein, this architecture, by
trapping at least the six last 3¢ nucleotides of RAT,
prevents the formation of the six basal base pairs of
the terminator and thus allows the transcription
to proceed further through the downstream coding
sequences. A different way to stabilize a hairpin
structure using a two-domain protein clamp has been
described recently for the nucleolin±RNA complex
(Allain et al., 2000).

Materials and methods

Production and puri®cation of LicT-CAT
A DNA fragment encoding the (1±55) N-terminal peptidic fragment of
LicT was inserted into the plasmid pGEX-2T (Pharmacia). Bacterial
growth, protein puri®cation and thrombin cleavage were performed as
described previously (Manival et al., 1997). As in the case of SacY(1±55),
a high salt concentration had to be used at all puri®cation steps in order to
maintain CAT dimeric structure (Manival et al., 1997). 15N-labelled and
doubly labelled (15N, 13C) samples were obtained by growing the bacteria
in M9 minimal medium (Sambrook et al., 1989) with [15N]ammonium
chloride (Eurisotop) as the unique source of nitrogen or an Martek 9-CN
medium for doubly labelled samples.

RNA synthesis
RNAs were obtained either by large-scale in vitro transcription (Milligan
and Uhlenbeck, 1989) or by chemical synthesis on an Applied
synthesizer, using Amersham PAC amidites, deprotected according
to the manufacturer's protocol and then puri®ed by ion exchange
chromatography on a Q-HR column (Pharmacia). Doubly labelled RNA
was obtained by in vitro transcription using NTP produced as described
previously (Batey et al., 1992; Nikonowicz et al., 1992). The sequence
of enzymatic RNA, GGAGGAUUGUUACUGCUACGGCAGGCAA-
AACCUC, includes the wild-type RAT-bglP sequence (bold nucleotides)
found in the leader region of the bglPH operon controlled by LicT. The
hairpin structure was stabilized by the insertion of an UNCG tetraloop
(underlined residues) and by addition of two base pairs in the basal stem,
to reduce end fraying effects in the vicinity of the protein-binding site.
The sequence was chosen in order to avoid formation of alternative
pairing and to optimize in vitro transcription yield. The synthetic RNA,
CGGAUUGUUACUGCUACGGCAGGCAAAACCG, was designed
to be as short as possible and contains a single base pair added to the
basal stem. Prior to complex formation, the diluted RNA (0.1 mM) was
heated at 80°C for 2 min, then quickly cooled in an ice±water bath to
favour the formation of unimolecular folded-back stem±loop structures.

Complex formation and stabilization
Complex formation was monitored in the NMR spectrometer. When
stoichiometry was reached, most of the protein's cross-peaks were split
into two components of equal intensity, indicating the loss of symmetry of
the monomeric units. The samples were usually stable for only a few days
in the spectrometer. Two phenomena contribute to their poor stability:
(i) the action of the nucleases which were never completely removed
(even when additional steps of puri®cation using ion exchange or heparin
af®nity chromatography, complicated by the necessity to maintain
the protein at high salt concentration, were performed); and (ii) the
progressive increase of all NMR resonance line widths (due to the RNA
conversion from a single-stranded hairpin loop to a duplex structure, as
suggested by the disappearance of the peaks characteristic of the UNCG
tetraloop). These hypotheses were con®rmed by the results of the gel
®ltration chromatography performed after the NMR experiments where
large molecular weight species (duplex RNA probably complexed with
two protein dimers) and low molecular weight species (degraded RNA)
are observed in addition to the native stoichiometric complex. Transition
of the RNA structure from a hairpin to a duplex is a consequence of the
high salt and high oligonucleotide concentrations used in the experiments.
Unfortunately, none of these parameters can be modi®ed: the RNA
concentration range is dictated by the NMR sensitivity; the salt
concentration stabilizes the protein dimer, which otherwise dissociates
and precipitates irreversibly in a few hours.

NMR
NMR samples contained 1±1.5 mM complex (protein dimer and RNA
hairpin), in 250 mM NaCl, 10 mM Na phosphate buffer pH 6.8. Spectra
were acquired on the 600 MHz Bruker AMX spectrometer of the Centre
de Biochimie Structurale and on the 800 MHz spectrometers of the
National Facilities in Grenoble (Varian Unity spectrometer) and Gif/
Yvette (Bruker DMX spectrometer). Spectra were processed using the
Gifa software (Pons et al., 1996). Complete assignments of the free
protein and RNA were obtained using a set of two- and three-dimensional
homo- and heteronuclear NMR experiments (Y.Yang and M.Kochoyan,
unpublished results) performed on the unlabelled, 15N- and 15N/13C-
labelled molecules. Due to the high level of sequence homology between
the LicT(1±56) fragment and the SacY(1±55) fragment previously
studied (Manival et al., 1997), assignment of the free protein peaks was
rather straightforward. Several RAT fragments were synthesized corres-
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ponding to the RAT target of LicT (sequence above) or SacY (double
mutant A3U, A26G, Figure 1), and the comparative analysis of the
spectra obtained facilitates the assignments of the free RNA peaks
(Y.Yang and M.Kochoyan, unpublished results). Assignments of all the
protein resonances in the complex were obtained by analysis of a 15N-
NOESY-HSQC in 90% H2O/10% D2O and a 2D-13C HCCH-TOCSY in
D2O performed, respectively, on a 15N- and 15N/13C-labelled protein
sample with unlabelled RNA. Assignments of the non-exchangeable
RNA resonances (Pardi and Nikonowicz, 1992; Pardi, 1995) were
obtained from 15N- and 13C-NOESY-HMQC and 2D-HCCH COSY in
D2O performed on a complex with doubly labelled RNA and unlabelled
protein. Exchangeable protons of the RNA were assigned with a
combination of 15N-HMQC, CPMG-NOESY (Mueller et al., 1995) and
2D-NOESY (with JR solvent suppression; Plateau and GueÂron, 1982) in
90% H2O/10% D2O. All the complexed RNA resonances, with the
exception of about half of the H4¢, H5¢ and H5¢¢ protons, were assigned.

Distance restraints were obtained from 80 ms mixing time 2D-NOESY
experiments performed with unlabelled samples in D2O and H2O at 303
and 308 K. Distance restraints were classi®ed as strong (<2.7 AÊ ), medium
(<3.3 AÊ ), weak (<3.8 AÊ ) and very weak (<4.5 AÊ ). Most ambiguities
were solved by comparison of the NOESY recorded at 303 and 308 K. A
few non-resolved or ambiguous cross-peaks on these spectra were
assigned from the heteronuclear 3D-NOESY-HSQC spectrum recorded
with the 13C-labelled RNA and the unlabelled protein. In this case,
distance constraints were considered as very weak (<4.5 AÊ ). Hydrogen
bonds were constrained for canonical Watson±Crick base pairs exhibiting
normal chemical shifts for the imino and amino proton resonances as well
as for GU wobble pair of the AGU triplet, for which the G and U imino
protons are strongly NOE connected (19 constraints). No hydrogen
bonding constraints were imposed initially either between the G and A
nucleotide of this base triplet or between A3 and A26 nucleotides and, of
course, between the protein and the RNA. The UACG tetraloop and the
stems that are far away from the protein-binding site (U11±A20) were
modelled using fake constraints derived from the structure obtained by
Varani and co-workers (Allain and Varani, 1995) or accepted for a
standard A-form geometry (Saenger, 1984), and are not included in the
list presented in Table I. The C3¢-endo conformation of the ribose moiety
was constrained in the absence of a H1¢±H2¢ TOCSY cross-peak (18
dihedrals). In the same way, the anti-conformation of nucleotides without
strong H6/8±H1¢ NOEs was also constrained (14 dihedrals).

Modelling
All modelling was performed using the X-PLOR 3.8 package (BruÈnger,
1992). In a ®rst step, the free protein was modelled according to the
protocol described (Manival et al., 1997; Nilges et al., 1997). Twenty-six
ambiguous NOEs (for which distinction between inter- and intramono-
mers constraints was impossible) remained in the ®nal stage of modelling.
When the complex forms, 22 out of these 26 NOEs could be assigned
unambiguously due to the spitting of the amino acid spin systems
accompanying the loss of symmetry of the dimer. Only non-ambiguous
constraints were then used for modelling the protein within the complex.
Modelling of the complex consisted of a robust protocol of high
temperature simulated annealing starting from one randomly chosen
structure of the free protein generated in the previous stage of modelling
and from a fully extended oligonucleotide chain. This protocol was
adopted since the set of experimental constraints characterizing the
structure of the free and complexed protein was nearly identical, except
for the values of a few distance restraints (which were modi®ed
accordingly in the constraint list). The modelling protocol of the complex
consisted of an 8 ps high temperature (2000 K) molecular dynamic (md)
with reduced van der Waals radii, followed by a 16 ps md with a slow
increase of the atom radii, followed by a 3.5 ps md with progressive
cooling to 300 K. All these steps were performed in the absence of
electrostatic, dihedral or hydrogen bonding potential and with a repulsive
van der Waals potential. The structures were then submitted to 500 steps
of conjugate gradient minimization with attractive van der Waals
potential. Twenty or more structures were generated, and only those
with a constraint energy within the limit of 30% of the lowest constraint
energy obtained for the best structure (usually more than half and at least
10) were retained for structural analysis. New hydrogen bonds were
added to the constraint list as short distance restraints (2.2 6 0.3 AÊ )
between a hydrogen and an acceptor atom after the following conditions
were satis®ed: (i) the acceptor and donor heavy atom were closer than 4 AÊ

in all the analysed structures; (ii) the bonded protons were in slow
exchange with the solvent (and in slow rotational exchange for the RNA
amino groups); and (iii) the structure generated in the presence of the new
constraint did not result in higher violation of the other experimental

constraints than those generated in its absence. As a result, three hydrogen
bonds were added to the constraints list. One, from the A27 amino protons
to the A3-N3 nitrogen, de®nes the A3±A27 base pair (supported by the
strong A27-amino to A3-H2 NOE). Another, from the G22 amino group
to the A9-N7 nitrogen, de®nes the A9±G22 pair (supported by the strong
G-amino to A-H8 NOE). The last hydrogen bond, from the carboxyl
group of Asn10 to the 2¢ hydroxyl of A26, is supported by a strong
NOE from the NH2 group of N10 to the slow exchanging H2¢ sugar proton
of A26.
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